A Bird’s Eye View: Development of an Operational ARM Unmanned Aerial Systems Capability for Atmospheric Research in Arctic Alaska by de Boer, G et al.
AFFILIATIONS: de Boer, Shupe, Telg, MaTroSov, CreaMean, 
SoloMon, WilliaMS, Maahn, and long—University of Colorado 
Boulder, and NOAA/Earth System Research Laboratory, Boulder, 
Colorado; ivey, dexheiMer, Bendure, and hardeSTy—Sandia 
National Laboratories, Albuquerque, New Mexico; SChMid, Mei, 
huBBe, and MaTher—Pacific Northwest National Laboratory, 
Richland, Washington; laWrenCe, argroW, and palo—University 
of Colorado Boulder, Boulder, Colorado; MCCoMiSkey, Turner, 
and gao—NOAA/Earth System Research Laboratory, Boulder, 
Colorado; SChMiTT—National Center for Atmospheric Research, 
Boulder, Colorado; BrookS—University of Leeds, Leeds, United 
Kingdom
CORRESPONDING AUTHOR: gijS de Boer,  
gijs.deboer@colorado.edu
The abstract for this article can be found in this issue, following the 
table of contents.
DOI:10.1175/BAMS-D-17-0156.1
In final form 7 March 2018
©2018 American Meteorological Society
For information regarding reuse of this content and general copyright 
information, consult the AMS Copyright Policy.
Unmanned aerial capabilities offer exciting new perspectives on the Arctic atmosphere. 
A BIRD’S-EYE VIEW
Development of an Operational ARM Unmanned Aerial 
Capability for Atmospheric Research in Arctic Alaska
gijS de Boer, Mark ivey, BeaT SChMid, dale laWrenCe, darielle dexheiMer, Fan Mei, john huBBe, 
alBerT Bendure, jaSper hardeSTy, MaTTheW d. Shupe, alliSon MCCoMiSkey, hagen Telg,  
Carl SChMiTT, Sergey y. MaTroSov, ian BrookS, jeSSie CreaMean, aMy SoloMon,  
david d. Turner, ChriSTopher WilliaMS, MaxiMilian Maahn, Brian argroW,  
SCoTT palo, CharleS n. long, ru-Shan gao, and jaMeS MaTher
T he Arctic climate system is evolving at a rapid  pace. Surface- and satellite-based observations  show increasing temperatures (Simon et al. 
2005; Rigor et al. 2000; Serreze and Francis 2006), 
decreasing sea ice (Kwok and Untersteiner 2011; 
Maslanik et al. 2011; Lindsay and Schweiger 2015), 
thawing permafrost (Romanovsky et al. 2002), and 
changing ecosystems (Burek et al. 2008; Post et al. 
2013). It is believed that the changes observed in 
the Arctic are the result of “Arctic amplification” 
(e.g., Serreze and Barry 2011; Pithan and Mauritsen 
2014), an accelerated warming of the northern polar 
region resulting from a combination of various cli-
mate feedbacks (Screen and Simmonds 2010; Pithan 
and Mauritsen 2014; Döscher et al. 2014). Central to 
several of these feedbacks are physical relationships 
involving clouds, aerosols, and atmospheric and 
surface states, and their combined effect on radiative 
transfer in the global climate system.
Models across a variety of scales have been shown 
to struggle with the representation of processes rel-
evant to the simulation of these critical drivers of 
radiative transfer (Stroeve et al. 2007, 2012; Miller 
et al. 2018). In particular, the roles of Arctic ther-
modynamic structure, aerosols, clouds, and the 
connections between them have proven to both be 
problematic for models (e.g., de Boer et al. 2012) and 
result in divergence of projections for future scenarios 
(e.g., Chylek et al. 2016). Misrepresentation of these 
processes impacts simulations of surface and top-of-
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the-atmosphere energy budgets, resulting in errors 
impacting the representation of land and sea ice 
processes, which in turn impact the climate feedbacks 
discussed above. Additionally, deposition of aerosol 
particles on snow and ice can change surface reflec-
tivity and melt rates (e.g., Hansen and Nazarenko 
2004), driving a need for aerosol source attribution 
and characterization of transport pathways.
Since 1997, the U.S. Department of Energy’s 
(DOE) Atmospheric Radiation Measurement (ARM) 
program (Turner and Ellingson 2016) has collected 
measurements of clouds, aerosols, the atmospheric 
state, and radiation in northern Alaska. These 
measurements started at the heavily instrumented 
North Slope of Alaska (NSA) observatory, located in 
Utqiaġvik (formerly Barrow; Verlinde et al. 2016). For 
a little over 10 years (1999–2010), ARM also operated 
an auxiliary observatory roughly 60 mi (~97 km) 
inland from Utqiaġvik at Atqasuk to collect informa-
tion on spatial variability between the nearshore and 
inland environments in Arctic Alaska.
These observatory-based measurements have 
suppor ted t remendous advancement of our 
understanding of the Arctic natural system. This 
includes work to understand cloud properties and 
their radiative impact (e.g., Kay et al. 2008; Dong 
et al. 2010, Cox et al. 2016), interactions between 
aerosols and clouds (e.g., Penner et al. 2004; Lubin 
and Vogelmann 2006; Garrett and Zhao 2006), and 
Arctic aerosol properties (e.g., Quinn et al. 2002; 
Quinn et al. 2009; McComiskey and Ferrare 2016). 
Such studies have resulted in the evaluation of and 
improvements to numerical models across various 
scales (e.g., Xie et al. 2006; Morrison et al. 2009; 
de Boer et al. 2012). When put into the context of a 
larger observational network, such as that provided 
by the International Arctic Systems for Observing 
the Atmosphere (IASOA; Uttal et al. 2016) consor-
tium, such results provide a pan-Arctic synthesis to 
inform questions related to the spatial variability of 
the atmosphere and its interactions with the surface 
(e.g., de Boer et al. 2011; Shupe 2011; Shupe et al. 2011).
Despite these advances, other studies have dem-
onstrated a continued need for new perspectives. 
For example, work to help understand interactions 
between aerosols and clouds at high latitudes has 
been hampered by a general lack of vertical profiling 
of aerosol properties. Given Arctic atmospheric 
stratification, it is not clear that aerosol properties 
measured at the Earth’s surface are connected to 
clouds at any given time (e.g., Shupe et al. 2013). Yet 
important studies detailing relationships between 
aerosols and clouds have only had access to surface-
based measurements (e.g., Garrett and Zhao 2006; 
Lubin and Vogelmann 2006). Similarly, efforts to 
understand the seasonal variability in aerosol loading 
throughout the Arctic atmospheric column, and the 
disparate sources responsible for such loading, have 
only limited airborne datasets from which to draw 
conclusions. Yet such a vertical distribution repre-
sents a significant factor in determining the radiative 
impact of the particles. Similarly, cloud properties are 
only indirectly observed with ground-based remote 
sensing instrumentations and in situ observations are 
required to study cloud processes in detail. Therefore, 
additional information on the vertical profiles of 
aerosol and cloud properties is required.
In addition to understanding the vertical struc-
ture, questions exist about horizontal variability. 
As an example, the representativeness of surface 
radiation and turbulent f lux measurements at the 
regional scale are a consideration. Generally, at any 
given site, instrumentation deployed by ARM collects 
these measurements at a single location. Additionally, 
while ARM instrumentation has been deployed in 
coastal locations, it is difficult to say how relevant 
such measurements are to the Arctic overwater (or 
sea ice) environment. Such information is crucial 
to understanding how this ice pack is evolving over 
time. A couple of recent studies (Maahn et al. 2017; 
Creamean et al. 2017) demonstrate the spatial vari-
ability of aerosol properties along the north slope of 
Alaska and the response of cloud properties to these 
gradients. However, these results focus on a short 
time period (summer 2016) due in part to the cost and 
effort associated with airborne in situ measurements.
To gain these perspectives, the DOE ARM pro-
gram recognized many years ago the potential for 
unmanned aircraft, developing the ARM Unmanned 
Aerial Vehicle (ARM UAV) program in the early 
1990s (Schmid et al. 2016). In collaboration with 
industry partners, this program supported various 
pioneering midlatitude campaigns throughout the 
1990s and into the early 2000s (Stephens et al. 2000), 
deploying larger, expensive unmanned aircraft 
systems (UASs). Even before these efforts, UASs 
were developed to do things like deploy dropsondes 
(Langford and Emanuel 1993), conduct routine 
profiling f lights (Holland et al. 1992), and survey 
atmospheric transects (Holland et al. 2001). Initial 
Arctic f lights f lown in conjunction with the ARM 
program were conducted from Barrow using the 
Aerosonde platform (Curry et al. 2004). Since then, 
use of these systems has expanded tremendously, 
thanks in part to continued component cost and 
size reductions by industries targeting consumer 
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electronics (i.e., cellular “smart” phones). Research 
has been conducted through both high-latitude (e.g., 
Cassano et al. 2010; Knuth and Cassano 2014) and 
lower-latitude (e.g., Corrigan et al. 2006; Ramanathan 
et al. 2007; Van den Kroonenberg et al. 2008; Houston 
et al. 2012) deployments.
In addition to the use of UASs, the atmospheric 
science community has for many years deployed 
tethered balloon systems (TBSs) for profiling the 
lower atmosphere. These systems range widely in size 
and can carry payloads of up to several kilograms. 
They offer the benefit of extended flight times during 
times of good weather conditions, but fall short of 
the UASs in terms of f lexibility when sampling a 
targeted spatial location or in capturing gradients 
across boundaries. Example applications include 
the measurement of atmospheric composition and 
structure (e.g., Greenberg 1999; Pisano et al. 1997; 
Neff et al. 2008; Shupe et al. 2012) and cloud micro-
physical properties (e.g., Duda et al. 1991; Kitchen 
and Caughey 1981; Zhang et al. 1997).
INITIAL PROGRESS TOWARD ROUTINE 
OBSERVATIONS. In recognition of the poten-
tial for unmanned aerial measurements from both 
UASs and TBSs to provide the perspectives described 
above, in 2013 the DOE ARM program deployed its 
third ARM mobile facility (AMF-3) to Oliktok Point, 
Alaska, approximately 260 km to the east-southeast 
of Utqiaġvik. This deployment was conducted in 
part to provide detailed, continuously operating ob-
servations at a site where DOE manages special-use 
airspace (e.g., R-2204 and W-220; de Boer et al. 2016a) 
for operation of aircraft and balloon systems. Given 
the availability of airspace at Oliktok Point, ARM has 
moved toward development, support, and operation 
of their own unmanned aerial capability, with an eye 
toward routine Arctic sampling. This includes the 
operation of UASs and TBSs, along with procure-
ment of cutting-edge miniaturized instrumentation 
to support Earth system science. Additionally, it 
includes the development of infrastructure to pro-
vide complementary ground-based measurements, 
offer housing and shelter for campaign participants, 
and process data collected in an efficient manner 
to quickly stream datasets for public consumption 
through the ARM data archive. In this article, we 
provide information on work that has helped to shape 
this capability, provide information on instrumenta-
tion and infrastructure, and offer example data and 
perspectives on future directions.
Oliktok Point’s unique ability to provide access for 
UAS-based atmospheric measurements over tundra, 
water, and ice, along with the (then) low volume of 
local air traffic, were identified in early discussions 
with the Federal Aviation Administration (FAA), 
North Slope oilfield operators, and local aviators. 
Such discussions resulted in the establishment of 
special-use airspace (R-2204), a 2 nautical mile 
(n mi, 1 n mi = 1.852 km) radius cylinder centered 
on Oliktok Point that extends to 7,000 ft (2,134 m) 
above mean sea level (MSL), at Oliktok Point in 2004. 
Since then, amendments were approved to segment 
R-2204 into low [surface to 1,500 ft (457 m) MSL] and 
high (1,500–7,000 ft MSL) sections and to increase 
the number of activation days from 30 to 75 per year. 
Activation of R-2204 closes airspace to aviation opera-
tions except those authorized by the DOE via Sandia 
National Laboratories.
In addition to R-2204, Warning Area W-220 was 
established in 2015. W-220 provides an area suitable 
for scientific operations while reducing hazards 
to routine air traffic. W-220, which starts 12 n mi 
offshore, is 40 n mi wide, 673 n mi long, and extends 
from the surface to, but not including, 10,000 ft 
(3,048 m) MSL. Like R-2204, W-220 is divided into 
two altitude segments, [surface–2,000 (610 m) and 
2,000–10,000 ft MSL]. W-220, bounded between 
70°47ʹ and 82°N, has eight segments ranging from 
50 to 173 n mi in length that may be individually 
activated. W-220 occupies international airspace in 
the U.S.-controlled Anchorage Flight Information 
Region (FIR). Maps illustrating the location of 
Oliktok Point and the extent of both R-2204 and 
W-220 are included in Fig. 1.
Since W-220 was established in 2015, several UAS 
flights have included UAS transits between R-2204 
and W-220. The Department of Energy has worked 
with the FAA Anchorage Flight Control Center and 
used the FAA certificate of authorization (COA) 
process to identify safe and effective ways to man-
age transit f lights for different UAS platforms and 
missions. Initial transit f lights between R-2204 
and W-220 used an  altitude reservation corridor 
(ALTRV) together with local air traffic information 
obtained from radar systems. In one case, a flight-
certified radar was deployed temporarily at Oliktok 
Point. For another set of f lights, DOE staff were 
provided access to real-time air traffic information 
systems in Anchorage to help monitor regional air 
traffic and ensure a safe transit between R-2204 and 
W-220.
Several ongoing efforts make it likely that FAA 
approvals for transits between R-2204 and W-220 and 
beyond-line-of-sight (BLOS) operations will be easier 
in the future. This includes work with the FAA to get 
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ready access to local air traffic information at Oliktok 
for flight information purposes. In 2012, Congress 
directed the FAA to establish permanent areas in the 
Arctic that provide UASs with “ingress and egress 
routes from selected coastal launch sites at least 2,000 
feet in altitude.” It is believed that Oliktok Point will 
be one of these coastal launch sites where ingress and 
egress routes can be established under FAA guidance 
to ease safety case development and approvals.
Initial f lights. Since its establishment, R-2204 has 
been used numerous times for UAS and TBS opera-
tions. A list of recent flight campaigns (since 2014) is 
included in Table 1, with the campaigns color coded 
to match flight paths indicated in Fig. 1. R-2204 was 
first used for TBS f lights during the 2004 Mixed-
Phase Arctic Cloud Experiment (M-PACE; Verlinde 
et al. 2007). After M-PACE, additional TBS science 
f lights were conducted during the Arctic Lower 
Troposphere Observed Structure (ALTOS; Verlinde 
2010) campaign, and in an engineering and evalua-
tion capacity by New Mexico State University in 2012. 
Around this time, the DOE ARM and Atmospheric 
Systems Research (ASR) programs jointly funded 
science and evaluation flights under the Evaluation 
of Routine Atmospheric Sounding Measurements 
using Unmanned Systems (ERASMUS) project. These 
flights were designed to demonstrate some unique 
perspectives obtainable using UASs and to evalu-
ate the feasibility of routine flight operations in the 
harsh Arctic environment. As a run-up to ERASMUS, 
a small team of researchers visited Oliktok Point 
with a first-generation University of Colorado (CU) 
DataHawk aircraft (Lawrence and Balsley 2013) to 
Fig. 1. (a) Maps of the NSA including W-220 and the locations of Oliktok Point and Utqiag· vik. (b) The Oliktok 
Point region including the extent of R-2204 (white), the location of the AMF-3 (orange), and flight campaign flight 
tracks color coded relative to Table 1. (c) A close-up of campaign flight tracks and the location of the AMF-3.
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conduct initial f lights alongside a tethered balloon 
operated by ARM. This effort, referred to as Coordi-
nated Observations of the Lower Arctic Atmosphere 
(COALA), included two weeks of flight activities in 
mid-October 2014 during a time of transition and 
sea ice formation, and resulted in the first succesful 
ARM-supported science flights using small UASs at 
Oliktok Point and the first coordinated UAS–TBS 
f light activity there. In total 6.5 f light hours were 
conducted over 29 flights as part of COALA in R-2204 
(Fig. 1), resulting in measurements of atmospheric 
thermodynamic properties and surface temperature. 
Despite strong winds and aircraft icing conditions, 
the campaign was conducted successfully and safely, 
laying groundwork for more extensive f lights for 
ERASMUS.
ERASMUS. ERASMUS represented the first DOE-
funded, scientific UAS campaign at Oliktok Point. 
It included three campaign periods, with the CU 
DataHawk2 (DH2) deployed in August 2015, the CU 
Pilatus (de Boer et al. 2016b) deployed in early April 
2016, and the CU DH2 deployed again in October 
2016. The August DH2 flights revealed a previously 
unidentified challenge in Oliktok Point operations: 
electromagnetic interference (EMI) from the U.S. Air 
Force North Warning System (NWS) Oliktok Point 
Long Range Radar. Unfortunately, this EMI limited 
autopilot f light operations and required frequent 
manual pilot operation of the aircraft. With this 
limitation, 159 DH2 flights were conducted totaling 
22.3 f light hours. This included regular (hourly) 
profiling of the lower atmosphere between 0800 and 
1800 Alaska daylight saving time (AKDT).
After conducting TBS-based EMI testing on the 
DH2 and Pilatus autopilot systems, the ERASMUS 
team returned with the Pilatus during 2–16 April 
2016. The Pilatus flights were meant to demonstrate 
more advanced measurement capabilities, including 
profiling of aerosols and broadband irradiance, while 
simultaneously expanding operations to cold, early 
spring conditions. While the cold (−10° to −20°C) 
did not pose major issues, anomalously strong winds 
resulting from a persistent Beaufort high did limit 
flight operations. After waiting out two consecutive 
weeks of 25 mi h−1 (~40 km h−1) or greater surface 
winds, the campaign was briefly extended to com-
plete six science f lights with the Pilatus (1.4 f light 
hours). These flights and precampaign preparations 
provided valuable information on the deployment 
of broadband radiometric instruments on small 
UASs. For shortwave (SW) measurements, correc-
tion for tilt from horizontal is necessary to obtain 
accurate downwelling irradiance measurements. 
Such corrections (Long et al. 2010) were applied to 
the Pilatus’s fast-response (0.3 s, 95%) sensors to 
Table 1. An overview of flight campaigns for COALA, ERASMUS, and ICARUS. Colors match those used 
in the map in Fig. 1.
Campaign Dates Operator Platforms
No. of flights 
(UAS/TBS)
No. of flight hours 
(UAS/TBS)
COALA 6 –20 Oct 2014 CU, DOE ARM DH1, TBS 29/3 6.5/5
ERASMUS 2–16 Aug 2015 CU DH2 206/0 41/0
2–16 Apr 2016 CU DH2, Pilatus
9–22 Oct 2016 CU DH2
ICARUS 22–28 Oct 2015 DOE ARM TBS 130/55 77.8/198
3–20 Apr 2016 DOE ARM TBS
5–11 Jun 2016 DOE ARM DH2, TBS
26 Jun–27 Jul 2016 DOE ARM DH2, TBS
25–26 Sep 2016 DOE ARM TBS
9–22 Oct 2016 DOE ARM TBS
15–17 Nov 2016 DOE ARM TBS
2–9 Apr 2017 DOE ARM TBS
14–28 May 2017 DOE ARM DH2, TBS
1–15 Aug 2017 DOE ARM DH2, TBS
12–24 Oct 2017 DOE ARM TBS
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measure direct and diffuse irradiance, along with 
broadband albedo. Unfortunately, the longwave 
(LW) pyrgeometers deployed were too slow for UAS 
applications (18 s, 95%), demonstrating a need for the 
development of faster-response LW instrumentation. 
Additionally, methodologies for characterizing sensor 
angular offset from the system’s inertial navigation 
system, as needed for tilt correction (Long et al. 2010; 
Fig. 2. An example of measurements collected by the DH2s and TBS system on 19–21 Oct 2016. (a),(b) The 
photos show the contrasting conditions observed from the eyes of the DH2, with 19–20 Oct being a clear, cold 
day, and 20–21 Oct featuring cloud cover. (c) The time series includes the temperature structure from DH2 
flights (T, colored contouring), radar reflectivity from the KAZR radar (Z, grayscale), cloud base from the ceil-
ometer (magenta dots), and the TBS flight tracks (red dots). (d) Inset illustrates ice crystals imaged with the 
VIPS on 21 Oct. (e) Temperature T and turbulent dissipation rate ε from the TBS-mounted sonic anemometer 
on 20 Oct. (f) Aerosol properties observed by POPS on 21 Oct. The pink line in the POPS figure (“dist center”) 
represents the center position of a lognormal distribution that has been fit to the observed particle number 
size distribution.
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de Boer et al. 2016b), were developed specifically for 
UAS applications.
In addition to the broadband instrumentation, 
Pilatus was the first platform to deploy the Printed 
Optical Particle Spectrometer (POPS; Gao et al. 
2016) at Oliktok Point. This instrument, originally 
developed in the National Oceanic and Atmospheric 
Administration’s (NOAA) Chemical Sciences 
Division (CSD), provides aerosol size distributions 
for particles between 140 and 3,000 nm and was 
previously deployed on UASs at Ny Alesund, Norway 
(Telg et al. 2017). This instrument performed well 
during ERASMUS, motivating ARM to acquire 
POPS instruments from its commercial supplier for 
ARM operations. Examples of POPS measurements 
from TBS flights are included in Fig. 2f, and include 
a vertical profile of the particle size distribution and 
a profile of the center of a lognormal distribution 
fit to the observed distribution (pink line). This 
particular case offers a nice example where surface-
based aerosol measurements were not necessarily 
representative of conditions at and below the cloud 
layer. A strong temperature inversion resulted in 
a decoupled cloud, with near-surface aerosol con-
centrations substantially lower than those in the 
heart of this inversion around 200 m. The physical 
processes responsible for the observed accumulation 
of aerosols within the inversion layer and the related 
shifts in particle size distribution are currently un-
der investigation.
With DH2 autopilot hardening complete, a final 
ERASMUS deployment was conducted from 2 to 
16 October 2016, resulting in the completion of 41 
autopilot-controlled flights (17.3 flight hours). This 
improved system performance was important for 
ARM because the program acquired four DH2 UASs 
under ERASMUS. Conducted in tandem with TBS 
operations associated with the Inaugural Campaigns 
for ARM Research Using Unmanned Systems 
(ICARUS; see the next section), these flights provided 
a detailed dataset, including DH2-based measure-
ments of well-mixed and stable boundary layers, 
the cloud-driven mixed layer, and surface turbulent 
fluxes over various surfaces. Examples of temperature 
profiling from these flights are included in Fig. 2c 
(colored contours) and a demonstration of their use 
for evaluation of retrievals and models is included 
in Fig. 3. While similar comparisons could be done 
using radiosonde-based sensors, cost considerations 
limit the number of sondes that can be launched, 
limiting information on temporal variability at scales 
of minutes to hours. In addition to the thermody-
namic profiling, the DH2 
performed a series of low-
altitude (15–20 m) offshore 
flights over newly forming 
sea ice to measure the tem-
perature, moisture, and 
winds from which to cal-
culate sensible and latent 
heat f luxes (Fig. 4). This 
figure illustrates the air-
craft flight track along the 
shore, along with the vari-
ables needed to calculate 
the sensible heat flux over 
newly forming sea ice from 
this f light. This broken 
and thin ice environment 
provides a striking example 
of previously unobtain-
able measurements pro-
vided by UASs, as deploy-
ment of traditional sensors 
associated with towers and 
buoys would not necessar-
ily be feasible in this dy-
namic and unstable surface 
environment.
Fig. 3. Examples of (a) the use of ERASMUS DH2 data in the evaluation of re-
mote sensing retrievals and (b) model output. In (a) DH2 profiles of tempera-
ture (lines) are compared with the retrievals from the Atmospheric Emitted 
Radiance Interfereometer (AERI; Turner and Löhnert 2014; background 
shading) at Oliktok Point during the erosion of a stable boundary layer. In 
(b) DH2 temperature measurements (dots) are compared with temperature 
output from the NOAA/Earth System Research Laboratory (ESRL) branch of 
the Regional Arctic System Model (RASM-ESRL, shading) that is being used 
for sea ice forecasting. The small black dots along the x axis in (b) indicate 
DH2 flight times.
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Ongoing work. With the ARM program acquiring UAS 
(DH2) and TBS systems for programmatic operations, 
plans were developed for initial engineering and 
evaluation flights under DOE operational control. To 
make such flights as useful as possible for both the 
ARM operations and DOE scientific communities, a 
joint workshop was held including ARM operators 
and scientists and the ASR-funded Oliktok Point site 
science team. The initial workshop, held in Boulder, 
Colorado, in January 2016, included discussions to 
help find intersections between scientific priorities 
and operational feasibility, and resulted in the devel-
opment of an operational plan for ICARUS DH2 and 
TBS operations. After successful 2016 deployments, 
a similar workshop was held in January 2017 to 
revise and adjust plans for the current season based 
on lessons learned in 2016. Priorities emerging from 
these workshops included profiling of atmospheric 
thermodynamics, profiling of aerosol properties, pro-
filing of cloud micro- and macrophysical properties, 
evaluation of spatial variability in surface tempera-
ture and turbulent surface fluxes, and evaluation of 
sensor performance across a variety of conditions.
ICARUS. Through the fall of 2017, there have been 
55 and 130 flights of the ARM TBSs and UASs as part 
of ICARUS, resulting in 198 and 77.8 flight hours for 
these platforms, respectively. As an example of the 
types of measurements obtained, the frequency and 
seasonal coverage of ICARUS flights have provided 
thermodynamic profiles for the statistical evalua-
tion of models and retrieval algorithms and have 
included joint UAS–TBS flights combining a variety 
of atmospheric instruments (Fig. 2). Additionally, 
TBS-based deployment of a Distributed Tempera-
ture Sensing (DTS; Tyler et al. 2009) system, which 
uses a fiber-optic cable to provide high-resolution 
measurements of atmospheric temperature, provides 
detailed information on lower-atmospheric struc-
ture. This system will allow for future evaluation of 
theoretical thermodynamic structures produced in 
high-resolution simulations of the stable boundary 
layer (e.g., Sullivan et al. 2016).
Another priority for ARM has been to conduct 
routine vertical profiling of aerosols to better 
understand the representativeness of surface-based 
aerosol measurements in the Arctic and provide 
contextual measurements for studies of aerosol–
cloud interactions. Doing so provides insight into 
long-range transport and aerosol layering and their 
relationships to atmospheric stratification. Aerosol 
profiling during ICARUS involved TBS-based mea-
surements of aerosol size distributions using the 
POPS. Additionally, condensation particle counters 
Fig. 4. An example of a DH2 flight used to estimate sensible heat flux over newly forming sea ice. Included 
are (a) a photo taken from the DH2 as it flies at 20 m over the thin sea ice; (b) the aircraft flight track, 
color coded by surface temperature; and (c) time series of altitude (Alt), vertical velocity anomaly w ,ʹ 
potential temperature anomaly θ ,ʹ the product of these two (wʹθʹ), and the calculated sensible heat 
flux from this flight qs. The mean air temperature measured for this time period was −2.12°C and the 
mean wind speed was 3.2 m s–1.
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(CPC3007, TSI, Inc.) were deployed alongside POPS 
during 2017 to measure particles with diameters from 
10 to >1,000 nm. Figure 5 illustrates the potential for 
stratification of the Arctic atmosphere and associated 
aerosol particles surrounding cloud features, with 
POPS and CPC measurements revealing an elevated 
aerosol layer existing above a stratiform cloud layer, 
illustrated by contours of radar reflectivity (grayscale) 
and ceilometer cloud base (magenta dots) observed 
on 23 May 2017. Observing such stratification raises 
a variety of questions related to the cloud processing 
of aerosol, the sources of cloud condensation and 
ice-forming nuclei, and possible contamination of 
relationships derived from investigations of aerosol–
cloud interactions at high latitudes using surface-
based aerosol instrumentation. In this specific case, 
the fact that the elevated aerosol layer is associated 
with a warmer, drier air mass may indicate that these 
aerosol particles were transported into the Arctic 
from lower latitudes.
In addition to understanding the aerosol structure, 
the TBS platform provides opportunities for charac-
terizing the structure of Arctic clouds. Of primary 
importance in dictating the radiative influence of 
the cloud is the amount and vertical distribution 
of the liquid water. The TBSs have been equipped 
with sensors to provide information on liquid water 
content, which use vibrating wires to evaluate water 
concentrations (Hill and Woffinden 1980). These 
sensors can provide information on the adiabatic-
ity of various Arctic cloud types and can help with 
the evaluation and improvement of remote sensor 
retrievals of liquid cloud properties. Additionally, 
relative humidity sensors provide guidance on cloud 
boundaries, along with ground-based instrumenta-
tion deployed as part of the AMF-3.
One process responsible for governing liquid water 
amounts in climatically important mixed-phase 
clouds is the removal of water from the cloud layer by 
ice crystal precipitation. The rate of such removal is 
governed in part by crystal shape (or habit), making 
information on the frequency of occurrence of these 
habits critical to representing these clouds in atmo-
spheric models. New dual-frequency (35 and 94 GHz) 
scanning ARM cloud radars (SACRs) and updated 
Ka-band (35 GHz) ARM zenith-pointing radars 
(KAZRs) were deployed at different ARM facilities 
(Kollias et al. 2016), including the AMF3 at Oliktok 
Point. These radars have polarimetric capabilities that 
offer possibilities for the estimation of mean crystal 
shape in terms of particle aspect ratios. To evaluate 
the ability of polarimetric radar retrievals to deter-
mine the aspect ratio, the October 2016 ICARUS TBS 
flights included the operation of the National Center 
for Atmospheric Research (NCAR) Video Particle 
Sampler (VIPS) probe (Schmitt et al. 2013). VIPS, 
operated as a guest instrument, provided information 
on ice hydrometeor size distributions (20–2,000 µm) 
and crystal habit and aspect ratio. Figure 2d shows 
an example of such measurements from 21 October 
2016 (0015–0030 UTC), illustrating a representative 
sample of ice crystals from the cloud and precipita-
tion regime in which the balloon was operating. 
Such in situ measurements provide information that 
can, through process studies, connect surface-based 
remote sensing retrievals to understanding cloud 
water budgets through the evaluation of ice crystal 
size and fall speed. These specific measurements 
were subsequently used for the initial verification 
of polarimetric radar-based estimates of particle 
shapes (Matrosov et al. 2017), which could be applied 
to longer time scales to enhance our cloud process 
understanding.
Fig. 5. TBS-obtained vertical profiles of (from top to 
bottom) temperature, relative humidity, aerosol con-
centration for particles in the POPS size range, and 
total aerosol number concentration from the CPC. 
The grayscale contours represent radar reflectivity, 
and the magenta dots represent the cloud base from 
the AMF-3 ceilometer. CPC measurements within the 
liquid-containing cloud layer have been blacked out due 
to the possibility of contamination within this layer.
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Atmospheric turbulence plays a significant role in 
modifying the vertical distribution and transport of 
aerosol particles, liquid water, ice crystals, heat, mois-
ture, and other atmospheric constituents. Generation 
of turbulence occurs via a combination of mechanical 
forcing as air flows over the surface, surface heating, 
cloud diabatic heating, and/or mesoscale dynamics, 
all of which are modulated by atmospheric stratifi-
cation. The ability to understand vertical profiles of 
turbulence is essential for supporting process-based 
understanding of the Arctic system. During October 
2016 ICARUS TBS flights, in situ measurements of 
turbulence were made using a 3D sonic anemometer 
installed in an aerofoil housing. An example profile 
of turbulent dissipation rates derived on 20 October 
demonstrates how turbulent mixing and atmospheric 
stability are related (Fig. 2e). Here, the lower atmo-
sphere was very stable, resulting in small dissipation 
rates except for in the shallow surface mixed layer, 
where mechanical mixing led to larger dissipation 
rates. Such measurements are useful for developing 
retrievals of turbulence from ground-based remote 
sensors (O’Connor et al. 2010; Shupe et al. 2012), which 
can then be used to provide continuous turbulence 
statistics. When flown together with aerosol or cloud 
sensors, such instrumentation additionally supports 
examinations of processes related to cloud-driven 
mixing, aerosol–cloud interaction, and the impact of 
embedded stable layers on vertical transport processes.
LOOKING AHEAD. Advancing capabil i t ies . 
Currently, atmospheric properties are measured by 
ARM using the DH2 UAS and TBS platforms. To 
build upon these capabilities, ARM is expanding 
its unmanned infrastructure to include new plat-
forms and instrumentation. The recent addition of 
a Navmar Applied Sciences Corporation TigerShark 
Block 3 XP-AR, dubbed the ArcticShark, significantly 
expands the ARM UAS flight range and operating 
conditions. This aircraft and its mobile operations 
center have been hardened specifically for cold-
temperature operation to accommodate the Oliktok 
Point environment. With a wingspan of 6.5 m and a 
maximum gross takeoff weight of 295 kg, it is capable 
of flight up to 5.5 km above sea level over ranges of 
up to 500 km and has an 8-h maximum endurance. 
Its relatively slow 30–40 m s–1 airspeed allows for 
low-speed sampling of the atmosphere. The system 
can be operated under surface winds up to 12.9 m s–1 
with a maximum 5.1 m s–1 tailwind and a 7.7 m s–1 
crosswind component. Its 85-L interior payload vol-
ume and four wing-mounted pylons make it capable 
of carrying a variety of sensors and probes in payload 
configurations up to 46 kg (Fig. 6). The ArcticShark 
will carry a combination of instruments operated in 
house by the ARM Aerial Facility (AAF) and guest 
instruments integrated for specific field campaigns.
Taking advantage of instrumentation miniatur-
ization efforts, ARM has a variety of instruments 
available for use on the ArcticShark and/or TBSs 
(Table 2). This includes sensors for observing the 
atmospheric state and thermodynamics (temperature, 
pressure, humidity, three-dimensional wind, and gas 
concentrations), up- and downwelling broadband 
infrared and solar radiation, surface temperature, 
aerosol number concentration, aerosol size distribu-
tion, aerosol absorption, aerosol composition (filter 
samples), cloud-droplet size distribution, and cloud 
liquid water content. These capabilities were selected 
through discussions with the research community 
and are based in part on guidance from the ARM 
Aerial Needs Workshop report (DOE 2015b) and 
ARM Unmanned Aerial Systems Implementation 
Plan (DOE 2015a), published in October 2015 and 
November 2016, respectively. To ensure scientifically 
relevant measurements, ARM has been working with 
university, industry, and national laboratory partners 
to characterize the performance of the instruments 
deployed and improve the integration of these sensors 
on ARM-operated platforms.
Fig. 6. The DOE ARM ArcticShark.
1206 JUNE 2018|
As discussed briefly in the preceding section, the 
Arctic offers a challenging environment for operation 
of UASs and TBSs. Strong winds, icing, and limited 
visibility all negatively impact such activities. While 
the physical limitations for the operation of specific 
vehicles are strongly tied to the vehicles and plat-
forms, the availability of restricted airspace offers 
the possibility for operations that are challenging to 
conduct within the current FAA regulatory environ-
ment. Any flights proposed need to undergo a safety 
review conducted by Sandia National Laboratories 
and the Department of Energy, but activities deemed 
safe and appropriate by these entities are allowable 
within R-2204. Additionally, DOE is working with 
industry and agency partners to develop technologies 
to help mitigate some of these issues. As an example, 
ongoing work with the National Aeronautics and 
Space Administration (NASA), NOAA, universities, 
and industry is evaluating aircraft icing and mitiga-
tion techniques for the ArcticShark and DataHawk2.
Community access. The DOE ARM program is a sci-
ence user facility supporting the atmospheric science 
community through the production of both baseline 
and field campaign observations. UAS operations at 
Oliktok Point have included both of these activity 
classes. The establishment of restricted and warning 
areas around Oliktok Point has attracted various 
groups to request access to this airspace for UAS 
development and science missions. Meanwhile, the 
operation of ARM-managed DH2 UASs and TBSs 
throughout ICARUS represents an emerging ARM 
baseline measurement. ICARUS, along with sub-
sequent baseline operations, is designed to collect 
observations of the Arctic environment spanning the 
annual cycle to the extent practical.
To support such an effort, ARM has hired and 
trained personnel to operate the UASs and TBSs. 
While these operators are not permanently stationed 
at Oliktok Point, they have become familiar with the 
site and have operated there regularly through partici-
pation in the above (and additional) field campaigns. 
Requirements of each specific mission detail the 
exact number of people required for the operation of 
a given platform, with a minimum of two operators 
and a range safety officer required to operate either 
one. The extent to which routine operations can allow 
for continuous sampling is limited by the weather 
conditions and the number of operators available. For 
example, high winds (>10–15 m s–1) pose a significant 
Table 2. List of ArcticShark/TBS instruments operated by the AAF.
Instrument Measurement Manufacturer
Aerosol Counting, Composition, 
Extinction and Sizing System 
(ACCESS)
Filter sampler Aerosol samples Brechtel
Mixing Condensation Particle 
Counter (MCPC)
Aerosol concentration 
(>7 nm)
Miniaturized Optical Particle 
Counter (mOPC)
Aerosol size distribution 
(0.18–10 µm)
Single Channel Tricolor 
Absorption Photometer (STAP)
Aerosol light absorption
POPS
Aerosol size distribution 
(0.15–3 µm)
Handix Scientific
CDP
Cloud drop size distribution 
(2–50 µm)
DMT
Aircraft-Integrated Meteorological Measurement System (AIMMS-30)
Pressure, temperature, 
relative humidity, wind
Avantech Research Inc.
VN-300
Aircraft heading, position, 
attitude
VectorNav
HS-2000DP
Temperature, relative 
humidity
Procon
Sunshine Pyranometer (SPN-1)
Broadband irradiance 
(400–2,700 nm)
Delta-T
IR20
Broadband irradiance  
(4.5–40 µm)
Hukseflux
CT09
Infrared (8–14 µm) 
temperature
Heitronics
LI-840a CO2/H2O gas concentration LI-COR
1207JUNE 2018AMERICAN METEOROLOGICAL SOCIETY |
hurdle to currently operated systems. Additionally, 
limited visibility and the threat of icing can reduce 
the reach and deployability of UAS. Finally, extreme 
winter cold, while not insurmountable operationally, 
can impact operations both from systems perfor-
mance and operator safety perspectives. While in 
theory operation in R-2204 can offer opportunities for 
nighttime and beyond-visual-line-of-sight (BVLOS) 
operations, such activities still need to be approved 
by the DOE before they are allowable.
ARM data services include data collection, archi-
val, integration, analysis, and discovery (McCord 
and Voyles 2016), and are an essential element of 
ARM’s infrastructure. Observations collected with 
the DH2 and the TBSs are considered part of ARM’s 
aerial measurements and use a unique data collec-
tion process. From ICARUS onward, ARM staff have 
monitored the successful collection of data during 
f lights and continue to work alongside the ARM 
Data Management Facility (DMF) to implement 
and monitor the f low of UAS and TBS data to the 
DMF. After raw data are delivered, the Data Quality 
Office (Peppler et al. 2016) and instrument mentors 
process the data to assess instrument performance, 
data quality, and uncertainty. In parallel with the 
above activities, DMF developers work with mentors 
to assess the quality control and processing level of 
the data and its readiness for release. Once released, 
users can freely access UAS and TBS data, along with 
that from other ARM instrumentation, through the 
ARM Data Discovery website (www.arm.gov/data).
Access to the ARM-managed airspace is obtained 
through the proposal of custom field campaign 
activities in conjunction with ARM sites and the 
development and approval of an aviation safety plan. 
Such proposals can be submitted as an intensive op-
eration period (IOP) request (www.arm.gov/research 
/campaign-proposal) to the ARM program. Field 
campaign proposals are accepted at any time, with 
larger field campaigns [budgets exceeding $300,000 
(U.S. dollars)] reviewed once per year and smaller 
campaigns reviewed quarterly. With the maturation 
of ARM-managed UAS and TBS platforms, ARM is 
now accepting proposals from the science community 
to deploy the tethered balloon at Oliktok and ARM 
DH2s at any ARM site. Currently, ARM plans to make 
the ArcticShark available for user proposals in 2019.
SUMMARY. UAS and TBS operations at Oliktok 
Point, Alaska, have laid the groundwork for extended 
and semiroutine operations of such vehicles by 
the DOE ARM program. This paper provided an 
overview of these activities, along with insights into 
obstacles overcome and initial science achieved. 
While measurements from these initial activities are 
just beginning to be analyzed, these observations 
demonstrate the value of the new perspectives offered 
by these platforms, including information on spatial 
variability and vertical structure, and over difficult-
to-sample surfaces such as newly forming sea ice and 
partially frozen tundra. Over the next few years, the 
measurements obtained, and those to be collected in 
the near future, will continue to be analyzed and used 
for model and remote sensing retrieval development 
and for the production of scientific understanding. 
Some such studies are currently being prepared for 
publication, offering new insights into atmospheric 
thermodynamic structure, aerosol processes, cloud 
macro- and microphysics, and turbulent and radiative 
energy fluxes at high latitudes. Information gained 
on the efficient use of unmanned platforms in the 
Arctic will benefit future missions, while scientific 
insight from such activities will continue, providing a 
valuable complement to measurements obtained from 
ARM’s surface-based sensors and those provided by 
crewed research aircraft and satellites.
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